The technique of oblique angle deposition has been extended to the fabrication of nanostructured metal coatings on the tips of standard silica optical fibers by thermal evaporation. The coatings are initiated as metal island films, which grow into extended rodlike structures as the deposition continues. The nanorod coatings demonstrate excellent surface-enhanced Raman scattering performance with variability of less than 10% as shown by direct measurements off the fiber tip with thiophenol as a test analyte. However, in the remote sensing configuration, the nanorod structures perform no better than thin metal island films. This appears to be mainly due to reduced transmission when nanorod lengths exceed ∼100 nm. Moreover, the variability of remote measurements is increased to 18%. This is believed to be due to variations in coupling efficiency.
Introduction
Surface-enhanced Raman scattering (SERS) has many potential applications in trace-level chemical and biological sensing due to its sensitivity and specificity [1] [2] [3] . The relaxed requirements on sample pretreatment or labeling and the ability to investigate small sample sizes under ambient conditions are attractive features that could potentially enable real time measurements.
The technique relies on the adsorption or close proximity of target molecules to a nanostructured metal surface. The topography of the nanostructured surface is fundamental in producing high scattering enhancement and is mainly attributed to the electromagnetic effect, which is a manifestation of localized surface plasmon fields that are excited by the incident light [4] . This effect can lead to enhanced sensitivities of around a millionfold compared to traditional Raman spectroscopy. Substrates can be tuned to a particular plasmon resonance as required, which provides great flexibility in sensing applications [5] . There can also be a contribution to the enhancement from a charge-transfer mechanism [6] , but this is generally analyte specific and significantly weaker than the dominant electromagnetic effect.
Despite its many advantages, this technique is not without its challenges. Producing a robust, inexpensive substrate with high enhancement and good repeatability has been an ongoing issue. Over the years numerous methods have been utilized to fabricate SERS-active surfaces on planar substrates such as glass slides [7] [8] [9] . To date these experimental techniques have tended to be limited to laboratory research applications.
Optical fibers provide an excellent alternative platform for SERS sensing applications because they allow for in situ monitoring of small samples by acting as an "optrode" sensor [10] . Together with the chemical, thermal, and electrical passivity of silica optical fibers, this platform can be used for remote and in vivo sensing applications and in hazardous environments. A number of optical fiber SERS probes, which gather scattered light from the sample, have been reported in the literature, but these require an external source to deliver the excitation [11, 12] . The optrode geometry exploits the bidirectional capability of the optical fiber to guide both the exciting and the scattered radiation through the fiber [13] . This requires fabricating the SERS sensing element on the distal end of the fiber. Given the microscopic diameter of the fiber tip, typically 125 μm, the number of fabrication techniques that can be feasibly employed for this task are limited.
White et al. fabricated a SERS optrode by chemically etching the tip of a drawn down optical fiber bundle [14] . Recent work by Guieu et al. took this a step further to show that a preferentially etched fiber bundle can be used for localized SERS measurements [15] . However, this technique not only requires specialized imaging fibers but also is susceptible to issues associated with dopant diffusion [16] . A nanoparticlebased SERS fiber probe has been attempted by Polwart et al. This probe relies on the aggregation of silver nanoparticles on the tip of a fiber [17] . Although this stochastic fabrication approach provided promising reproducibility (~10% variability within a batch), the robustness of the sensor remained a concern. The immobilization of nanoparticles in both air-and liquid-filled photonic crystal fibers (PCF) has been reported as promising for SERS sensors [18] [19] [20] . Although PCFs are becoming increasingly popular for their capabilities, the cost associated with their manufacture still remains prohibitively high.
Recently, e-beam lithography has been used to fabricate a nanoantenna array on a standard silicon substrate, which was then transferred onto the end facet of an optical fiber by a decal transfer method [21] . A similar approach was demonstrated by Kostovski et al. in transferring a naturally occurring cicada wing nanostructure onto a fiber tip by using an elastomeric mold [22] . This approach has great potential for being extended to high-throughput fabrication. An alternative technique is thin-film deposition using either thermal or electron-beam (ebeam) evaporation. This technique has been shown to be a very convenient way of constructing an SERS substrate on a fiber tip [23, 24] . Despite the low enhancement and poor repeatability, thin-film deposition has been used by Scaffidi et al. to demonstrate the ability to detect local pH changes in biological cells without inducing apoptotic response of the cells [25] .
Relatively large SERS enhancement factors have been reported for e-beam evaporated nanorod films prepared by oblique angle deposition (OAD) [26, 27] .
Although the enhancement appears to rise as the length of the nanorods increases, the detailed mechanism behind this high enhancement is still not completely understood [28] . OAD provides a relatively convenient and inexpensive way of producing SERS substrates using electron-beam evaporation, not only on a planar surface but also on cylindrical objects [29] and on the distal end of optical fibers [30] . The work presented here demonstrates that the production of SERS-active nanorods by the OAD technique can be further simplified by using the more accessible thermal evaporation technique and provides a systematic characterization of the resulting optical fiber sensor. The viability and other challenges associated with the fabrication and application of an optical fiber chemical sensor prepared by thermal OAD are then discussed in Section 4.
Experiment

A. Materials
Silver (99.95%, Goodfellow) and chromium (99.99%, ProSciTech) were purchased and used without further treatment. The planar substrates used to prepare nanorods were silicon wafers with a thermally grown 300 nm thermal oxide layer (University Wafer). This oxide layer was expected to provide similar surface characteristics to that of a silica fiber optic end face for characterization purposes. Standard silica fibers (Corning) with a 62:5=125 μm core/ cladding diameter and a numerical aperture (NA) of 0.272 were chosen for the fabrication of the SERS optrode. A 10 mM ethanolic solution was prepared from thiophenol (99%þ, Sigma-Aldrich) and used as the test analyte for the SERS characterization of the substrates. Thiophenol is commonly used as a test analyte for SERS as it provides a strong signal and is expected to consistently form a self-assembled monolayer [31] . All solvents were 99% or higher purity and were used without further treatment.
B. Instrumentation
Silver nanorod films were fabricated by the OAD technique using an Emitech K975X Turbo Evaporator. In order to ensure repeatability of fabrication, the evaporator was modified by incorporating a custom-made evaporation source holder to fix the filament position with respect to the sample. The same apparatus was used in a sputtering mode to deposit a chromium adhesion layer. The evaporation angle is defined in Fig. 1 . The quartz crystal monitor was used to measure the thickness of the normally deposited film thickness on the crystal and is described as the "nominal thickness." It was not possible to control the substrate temperature in this system; thus the deposition rate was restricted to 0:05 nm s −1 in order to reduce radiant heating of the substrate by the source. SERS spectra were collected using a Horiba JobinYvon modular Raman microscope and Triax 320 spectrometer fitted with a thermoelectrically cooled CCD. The samples were excited using a fiber-coupled diode-pumped solid state laser with a wavelength of 532 nm and 1 mW power at the sample. A 50× objective with a 0.5 NA was used for all data collection.
Scanning electron microscope (SEM) images were obtained using a Nova NanoSEM in low vacuum mode to reduce sample charging effects. For the "through fiber" transmission measurements, a fiber-coupled halogen lamp (HL-2000 Ocean Optics) was used as the source along with an Ocean Optics Red Tide (USB650) spectrometer as the detector element.
C. Sample Preparation
Silicon wafers were diced into chips of 4 mm × 15 mm using a dicing saw (Disco DAD 321). The samples were thoroughly cleaned with acetone to remove any debris and any trace of the protective photoresist that was applied during the dicing process. The optical fibers were stripped, cleaned with acetone, and cleaved at both ends to produce samples of 25 mm length before coating. These were used for both direct and remote measurement geometries.
Prior to silver deposition a 2 nm layer of chromium was sputtered onto both the silicon wafer sample surfaces and the optical fiber tips to aid in the adhesion of silver to the silica surface. The sputtering was carried out under normal incidence with substrate rotation. Both types of sample were mounted at an oblique angle to the vapor flux by tilting the sample stage in the evaporation unit. In the case of the fiber sections, the distal ends of the fibers were covered with a shield to prevent any silver being deposited.
The substrates were then soaked in a 10 mM solution of thiophenol for 10 min, rinsed with ethanol, and interrogated for SERS. Spectra were collected directly off the coated surface of the fiber and remotely by coupling the excitation and backscattered Raman signal through the optical fiber waveguide (Fig. 2) . The direct signal collection employs a high-NA objective (0.5) and the collected Raman-scattered light can be assumed to be limited by the signal gathering capability of the objective. However, for the remote signal collection, the scattered light is guided through the fiber probe prior to entering the objective and is thus limited by the NA of the fiber probe (0.272), which is smaller than the NA of the objective in use. In order to carry out a systematic analysis of the SERS capabilities of the two geometries, these differences in optics need to be taken into account. A signal integration time of 5 s (with three averages) was employed to collect the spectra. For comparison purposes all measurements have been normalized to take into account variations in the incident laser power, the signal acquisition time, and the solid angle of signal collection (counts:s −1 :mW −1 :sr −1 ). The NA of the optical fiber facet at the silver OAD coating was not adjusted for the refractive index of silver because the scattering is considered to be a near-field process occurring at the silver surface. Once the scattered light enters the far field, the propagation of light within the optical fiber will be determined by the properties of the optical fiber.
D. Transmission Measurements
For transmission measurements, fiber samples of roughly 2 m length were used. The fibers were cleaved at both ends and the silver nanorod films were fabricated on one end as described earlier. The remote end was later cleaved to ensure a clean surface and coupled into the measurement setup as shown in Fig. 3 . Five samples of each OAD film thickness were averaged to arrive at the transmission measurements shown in this paper.
The white light from the halogen light source was sent through the microscope and coupled into the cleaved end of the fiber. In order to couple the transmitted light into the fiber-coupled spectrometer, the OAD coated fiber tip was mounted in a temporary connector. The positioning of the coated tip was checked under a microscope to ensure that the nanostructured surface was protected within the ferrule of the temporary connector. To separate the transmission spectrum of the film from that of the fiber, all spectra collected were normalized against a spectrum from a fiber of the same length that was simply cleaved at both ends. It was important to align the fiber samples in the ferrule in a consistent fashion because the alignment plays a significant factor in determining coupling efficiency. This was done by placing the fiber in the ferrule under a microscope and adjusting the longitudinal position of the fiber end face until it was visually in plane with the ferrule surface. The repeatability of the alignment procedure was determined to have an uncertainty of AE0:05 absorbance units.
Results
Figure 4(a) shows a typical thiophenol SERS spectrum. For purposes of comparison, the peak heights of the four main thiophenol peaks at 1000, 1021, 1072, and 1573 cm −1 were averaged to arrive at a single numerical value for each measurement. This value has a strong correlation to the area under the four peaks (coefficient of correlation r ¼ 0:978).
A. Angle Optimization for SERS
Nanorod growth is believed to occur at highly oblique deposition angles due to an initial seeding and selfshadowing mechanism [32] . OAD was carried out on several silicon wafer samples with different deposition angles to ascertain the optimum angle for SERS performance in this thermal evaporation system. All samples were coated with a nominal silver thickness of 80 nm as recorded on the quartz crystal microbalance. Figure 4 (b) presents a subset of the angles tested. Deposition angles outside the shown range generated even lower signal intensities. This demonstrates that the peak SERS signals were generated by a coating angle of θ ¼ 86°. This has been further confirmed by similar tests done on samples with a 200 nm nominal thickness (data not shown). This angle is in agreement with published results for an e-beam deposition system [26] . Liu et al. [33] presented a thorough characterization of the angle, rod length, and SERS that demonstrates that the optimum angle could shift as the nanorod length increases. Nevertheless, the OAD films that were used in this work were considerably thinner than those reported and can be considered to maintain the optimum angle at 86°throughout the increase in thickness. Figure 5 presents SEM images of nanorod growth in top view and cross section. These rod structures were fabricated on planar silicon substrates and were cleaved to reveal the cross section. The planar substrates were chosen for the imaging because longitudinal cleaving of the optical fiber samples was not a viable option. It is assumed that the nanorod structures grown on the face of the fibers follow a similar trend to those on the planar substrate because of their similar appearance (top view) and comparable SERS performance. In both cases the nanorods start to form around a nominal thickness of 300 nm.
B. Coating Structure and Thickness
While silver was deposited in steps of 100 up to 600 nm as recorded on the quartz crystal microbalance, the actual average nanorod lengths were determined from the SEM images to be 31 AE 5, 90 AE 11 , 119 AE 16 , 208 AE 23 , 260 AE 28 , and 329 AE 21 nm. There appears to be a reasonably linear relationship between the nominal thickness and the actual nanorod length, which is shown in Fig. 6 . The nanorod inclination angle with respect to the substrate surface appears to decrease slightly as the thickness increases. Figure 5 (a) could not be assigned an inclination angle due to the rounded nature of the metal islands. The angles for the rest of the nanorods were Fig. 4 . a) Typical thiophenol SERS spectra from the direct and remote measurements for a deposition angle of 86°. The large background of ∼500 cm −1 in the remote geometry is due to Raman scattering in the silica optical fiber. b) Variation in the average peak intensity of the four main thiophenol peaks as a function of the vapor deposition angle θ. The error bars represent the standard deviation across ten measurements. Fig. 3 . Experimental setup for the transmission measurements through the fiber with the OAD silver coating. The white light was sent through a microscope to control the intensity coupled into the fiber sample. estimated to be 39 AE 2°, 39 AE 2°, 30 AE 1°, 29 AE 1°, and 26 AE 1°, in order of increasing thickness.
The nanorod diameter appears to increase linearly with nanorod length, which is consistent with the results reported by Liu et al. [33] . However, it should be noted that the nanorod diameter differs in the two viewing directions shown in Fig. 5 . The nonuniformity of the diameter along the rod and the wide distribution of sizes across a sample make it difficult to quantify this parameter more precisely. The number of nanorods per unit area appears to drop off as the film increases in thickness because of coalescence of neighboring islands.
C. Thickness Optimization for SERS
The variation of the average SERS peak intensity with increasing metal deposition thickness is shown in Fig. 7 . Each data point is an average of ten measurements per sample across five samples. All measurements have been normalized for the incident laser power, the signal acquisition time, and the solid angle of signal collection.
The direct signal increases with increasing metal thickness and peaks around a rod height of 260 AE 28 nm, after which it exhibits a downward trend. Previous work by Driskell et al. [27] demonstrated that an increase in the SERS enhancement factor is achieved up to a nanorod length of 868 nm and, thus, concluded that the optimum geometry of the SERS nanostructure overrides any further increase in surface area. In the work presented here it is possible that the optimum geometry is achieved at a nanorod length of 260 nm. However there could also be other factors such as rising temperature inside the vacuum chamber affecting the silver surface, particularly for the thicker films. Although further investigation of the nanorod geometry would be of interest for the direct SERS measurements, the remote measurements are more relevant for the purpose of developing a fiber optrode.
There is a significant difference between the SERS signals collected directly off the tip of the fiber and remotely through the fiber. The remote measurement exhibits an approximately constant intensity response irrespective of the deposition thickness. For thin coatings, these remote measurements are ∼25% of the direct measurement, whereas relative to the optimum nanorod length of 260 nm, the signal is ∼5%. The reduced coupling efficiency of the laser light through the fiber means that in remote interrogation, the sample excitation intensity is lower than that of the direct interrogation and would account for a portion of the drop in intensity. This factor cannot be reliably quantified for the short lengths of fiber that were used but is estimated to be approximately 20-25%. Other possible explanations for the reduction in performance are discussed in Section 4.
D. Transmission Measurements
A custom-made transmission measurement setup was built using a fiber-coupled halogen light source and a detector as shown in Fig. 3 . Transmission spectra from fibers with different coating thicknesses are shown in Fig. 8 . Absorbance values were calculated according to where A λ is the absorbance at wavelength λ, I λ is the measured intensity of the light at wavelength λ, I 0 is the intensity of the reference beam at wavelength λ, and D λ is the intensity of the dark spectrum at wavelength λ. Figure 8 depicts the broadband transmission properties of the thermal OAD films in the visiblenear-infrared wavelength range. Except for the two thinnest films, it is interesting to note the absence of a clearly defined plasmon absorption peak. The transmission spectra indicate that the high reflectivity of the thicker coatings reduces the transmission and therefore may limit the SERS signal collected through the remote geometry.
E. Repeatability
The repeatability of the SERS substrates can be classified in three different ways: (i) the repeatability within a single sample, (ii) the repeatability across samples within a single fabrication run, and (iii) the repeatability across different fabrication runs.
For the assessment of repeatability, ten measurements were performed at different points on each of five fiber samples per coating run. The estimated variability across a single sample was <10% based on relative standard deviation (RSD), which is among the best reported for OAD films [27] . Thin island films are known to exhibit an inherent degree of variability due to the random nature of island formation, but there could also be a contribution by the substrate cleaning process. Better results might be obtainable with seeded growth, where a prepatterned sample is used for the rod growth [34] . The variability across samples fabricated in a single batch was also estimated to be <10% of the mean value of each sample.
To determine the repeatability between batches, eight deposition runs of 400 nm nominal thickness were considered. The RSD across these samples was calculated to be <5%, which is a significantly lower value than has been reported elsewhere [27] . In order to ensure this level of repeatability over different fabrication runs, it was necessary to maintain the deposition rate at a constant and low value. Because of the nature of the coating unit, it was found that the deposition rate influenced the temperature inside the chamber and thus played a major role in the fabrication of the nanorods. A high deposition rate requires a high electrical current through the evaporation source. It was observed that a relatively high current (11 A) increased the temperature inside the chamber to over 80°C within a 4 min time period, whereas a lower current (8 A), which was just enough to start and maintain the evaporation process, did not raise the chamber temperature above 38°C even after 5 min. This observation is believed to be a consequence of the fact that the radiant heat emanating from the source scales to the fourth power of temperature. Increasing substrate temperature is known to increase adatom and vacancy diffusion rates on silver surfaces, which in turn accelerates the coalescence of neighboring structures. Thus the increase in temperature inside the chamber could have contributed to structural changes in the silver film, resulting in a high level of variation in signal across different fabrication runs [35] .
The variability of the signals collected through the fiber tend to be rather higher (RSD <18%) than those collected off the tip of the fiber (RSD <10%). The variability in coupling efficiency as well as cleaving defects can play a role in contributing to the variation.
Discussion and Conclusion
Oblique angle deposition has proved to be an attractive method for the fabrication of SERS substrates, not only because of the high enhancement and high repeatability of the substrates, but because of the relative ease and low cost associated with this fabrication method. For optical fiber SERS probes, thermal OAD films provide excellent SERS substrates when measured directly but are relatively inefficient in the remote configuration.
Although the estimation of a SERS enhancement factor would be useful for comparison purposes, an assessment of the number of molecules being excited is not straightforward. The substrates used in this work do not provide a conducting surface for traditional electrochemical techniques to be employed for estimating the surface area illuminated by the laser spot. Further, care is needed to ensure that the incorporation of a conducting layer does not change the kinetics of the coating process, thereby possibly modifying the film structure and SERS performance [36] . While the overall magnitude of the SERS signal is of primary importance in the current context of developing a practical optical fiber SERS sensor, further work would be needed in order to obtain an accurate enhancement figure.
The thin OAD films shown in Fig. 5(a) provide metal island film structures rather than nanorods. In this thin film regime the SERS performance appears to be similar to the metal island films on optical fibers reported by Viets and Hill [23] . However, the optimum SERS performance of OAD lies in thicker films, which cannot be accessed for fiber probes. According to Fig. 8 . Absorbance profile for different nanorod lengths on optical fiber tips. A Savitzky-Golay filter has been used to smooth the data. Fig. 8 , the single pass transmission through thicker films appears to be heavily restricted. However, in SERS measurement in the remote geometry, the excitation light needs to travel through the OAD film to access the scattering analyte that's coated on the silver nanorods. The scattered radiation then needs to be collected back through the fiber, resulting in a double pass transmission through the OAD film. Although the far-field transmission cannot be directly applied to these results because of the near-field nature of the localized plasmon fields, it appears that the low transmission may partially account for poor performance through the fiber.
Therefore, optical fiber SERS probes require thin metal films with high transmission and high enhancement values in order to achieve better performance than metal island films. This could be satisfied by deriving the nanostructure from a transparent material, perhaps by roughening [24] or imprinting [22] , followed by coating with a thin layer of metal. In the context of OAD, seeding of the nanorod growth may provide a means to control the surface coverage of the metal film and so enable higher transmission [37] .
The poor performance of thicker films cannot be directly accounted for by the collection efficiency (NA) of the optical fiber probes. However, the correction for solid angle of signal collection is based on the assumption of an isotropic scattering distribution. In reality the scattering intensity distribution could be anisotropic, as has been demonstrated by several researchers [38, 39] . In the latter work on nanorods [39] it was shown that the scattering intensity increases with angle from the incident beam up to a maximum scattering intensity at an angle of 45°to the substrate surface normal. This trend could help in explaining the more than proportional loss in signal due to a reduction of the NA from the direct collection (half angle 30°) to the remote collection (half angle 16°). However, a more detailed investigation is needed in order to verify this possibility.
It should be noted that thermally grown nanorod films can exhibit different structural and optical characteristics from those grown using e-beam deposition reported in the literature [26] . Conditions such as the degree of collimation of the vapor flux, grain size, kinetic energy of the vapor, surface diffusion, residual gas pressure, and temperature can all play a role in the growth of the film. Therefore the differences in the two methods as well as the equipment would determine the growth parameters of the OAD film. 
